Itraconazole is a recently developed triazole antifungal agent that inhibits cell membrane sterol biosynthesis. Itraconazole, in a dose-dependent manner, enhanced intracellular accumulation of daunorubicin and reversed the drug resistance in murine leukemia P388/ADR cells. In addition, itraconazole corrected the altered plasma membrane potentials of P388/ADR cells. The concentrations of itraconazole that reversed drug resistance are comparable to the plasma levels achieved by therapeutic dosage used in the treatment of fungal infections. Therefore, itraconazole is a potential candidate for in vivo use to reverse multidrug resistance in cancer with added benefit of its antifungal property. (J. Clin.
Introduction
Multidrug resistance (MDR)' remains the major obstacle in the therapeutic cure ofmany malignancies. A number ofmechanisms for multidrug resistance at the level of plasma membrane, cytosol, and the DNA levels, have been suggested (1) (2) (3) . The most common mechanism in the majority of MDR cell lines is an over expression ofP-glycoprotein, a 1 70-kD metabolically active efflux pump glycoprotein (4) . A number of calcium channel blockers and camodulin inhibitors have been shown to reverse multidrug resistance both in vitro and in vivo (3, 5) . Recently we have shown that cyclosporin A, a lipophilic agent that partitions between plasma membranes, reverses multidrug resistance both in vitro and in vivo (5, 6) . Itraconazole, a new generation 1,2,4 triazole antifungal agent that inhibits different cytochrome P-450 systems (7) (8) (9) , has been shown to synergize with cyclosporin A (10) . Therefore, we set out to explore the possibility of whether similar synergism would exist between these two compounds in reversing MDR in vitro. As 
,4-triazol-3-one, was a gift from Janssen Pharmaceutical, Beerse, Belgium. Itraconazole was dissolved in dimethylefloride (DMF). DMF alone was used as a control in all the experiments. Carbocyanine dye (DiOC5) was purchased from Molecular Probes, Inc., Eugene, OR.
Daunorubicin accumulation. 1 X 106 cells/ml were resuspended in 12 x 75-mm culture tubes in the presence or absence of various concentrations of itraconazole. Daunorubicin (4 ug/ml) was added to the cells, gently mixed, and incubated at 37°C. Tubes were removed at 45 min and cells for intracellular daunorubicin accumulation were analyzed by FACScan (Becton-Dickinson Co., San Jose, CA). 10,000 cells were counted. All experiments were done in triplicate. Mean fluorescence is recorded from the histogram and data are expressed as mean fluorescence channel numbers.
Drug sensitivity. To determine the reversibility of drug resistance, we incubated cells with various concentrations of daunorubicin in the presence or absence ofvarious concentrations ofitraconazole for 1 h at 37°C. Cells were pulsed with 3H thymidine, harvested, and 3H thymidine incorporation was measured, using scintillation counter. Data are expressed as IC/50 (molar concentration of daunorubicin required for 50% inhibition of DNA synthesis).
Plasma membrane potentials. Plasma membrane potentials were measured with carbocyanine dye DiOC5, using FACScan by a modification of a previously described technique (1 1). In brief, cells are washed with PBS and resuspended in PBS supplemented with 5% PBS. I X 106 cells/ml were incubated in triplicate in the presence or absence of various concentrations of itraconazole for 15 min at 37°C. Cells were washed with PBS and resuspended with 5 .M DiOC5 for 2 min.
Cells were analyzed using FACScan. Data are expressed as mean fluorescence channel (MFC) numbers. Ifthe MFC numbers are decreased, the membrane is considered depolarized, whereas, when MFC are increased, it is considered hyperpolarized.
Results
Effect ofitraconazole on intracellular daunorubicin accumulation. Cells were incubated with daunorubicin in the presence or absence of various concentrations ofitraconazole and intracel-lular accumulation was measured using FACScan. Data in Fig.  1 show significantly lower basal levels of daunorubicin accumulation in P388/ADR cells as compared to P388-sensitive cells. Furthermore, itraconazole, in a dose-dependent manner, restored the daunorubicin accumulation in P388/ADR to a level comparable to that of P388 cells.
Effect of itraconazole on drug sensitivity. Drug sensitivity was measured, using inhibition of 3H thymidine incorporation as an indicator. Cells were incubated in the presence or absence of various concentrations of itraconazole and pulsed with 3H thymidine. Data are expressed as concentrations ofdaunorubicin that inhibited 3H thymidine incorporation by 50% (IC/50). Data in Table I show that itraconazole, in a dose-dependent manner, reversed drug resistance in MDR P388/ADR cells to a level comparable to P388 cells.
Itraconazole corrects altered plasma membrane potentials in P388/ADR. Cells were incubated in the presence or absence of various concentrations of itraconazole and plasma membrane potentials were measured with DiOC5 dye, using FAGScan. Fig. 2 shows that plasma membrane potentials of P388/ADR cells were decreased (plasma membrane depolarized) as compared to P388 cells and itraconazole at a concentration of 0.05 jg/ml corrected the altered plasma membrane potentials in P388/ADR but had no effect on P388 cells.
Discussion
The development of acquired MDR is one of the major obstacles to the chemotherapeutic cure ofcancer. A number ofmechanisms have been proposed for MDR (reviewed in references 1-3). Several studies have shown an association between MDR and decreased accumulation and enhanced drug efflux, and over expression of P-glycoprotein, a metabolic active efflux pump (1, 2). In addition, increased levels ofglutathione, glutathione S transferase, and toposiomerase II have been documented as mechanisms for MDR (reviewed in reference 3). It is apparent that different mechanisms for MDR are operational in different tumor cell lines. It is also likely that there are mechanisms for MDR yet to be discovered.
Itraconazole is a new orally active triazole antifungal agent (9) which was synthesized in 1980 and demonstrates a broad spectrum of activity against a number of fungal species (12, 13) . Sterol biosynthesis inhibition at the stage ofC-14 demethylation is the primary mode of action (8) . Recently, a synergism between triazole agents ketaconazol, itraconazole, and cyclosporin A (CsA) has been reported (10, 14) . We have shown earlier that CsA reverses multidrug resistance in tumor cells both in vitro and in vivo (5, 6) . Furthermore, we showed that CsA also corrects altered plasma membrane potentials in MDR tumor cells (1 1). Therefore, we examined the effect of itraconazole on intracellular drug accumulation, drug sensitivity, and plasma membrane potentials in murine P388/ADR cells. Our study shows that itraconazole, in a dose-dependent manner, corrected intracellular daunorubicin accumulation and reversed the drug resistance to daunorubicin. We also observed some direct antitumor effect of itraconazole, as assessed by an inhibition of DNA synthesis by P388/ADR cells (data not shown). In addition, itraconazole corrected altered plasma membrane potentials in P388/ADR cells. shown to interfere with the plasma membranes of parasitic forms of fungi (8) . The concentrations of itraconazole that reversed MDR were well within the range of plasma levels observed in normal volunteers (15) or in patients with fungal infections treated with therapeutic dosage ofitraconazole (16) . In this study we observed a lack of correlation between the concentrations of itraconazole that corrected all the three parameters studied. Ganapathi et al. (17) , and Ganapathi and Grabowski (18) also observed a lack ofcorrelation between the concentrations oftrifluoperazine-induced reversal ofdrug resistance and its effect on doxorubicin accumulation. Furthermore, we have also observed that the concentration of cyclosporin A that corrected the altered plasma membrane potential in L100 acute lymphatic leukemia cell line (1 1) was much lower than that resulted in the reversal of MDR (6) . Although the mechanism(s) ofitraconazole-induced reversal ofdaunorubicin resistance is not known, it is likely that multiple mechanisms are involved including cytochrome PAS0 and P-glycoprotein.
In any event, itraconazole is a potential candidate for clinical use in human for the reversal ofMDR in malignancies. It has an advantage over CsA and other agents in that itraconazole has no adverse effect on significant cardiovascular or endocrine systems and is not immunosuppressive (cited in reference 16). Furthermore, it has an added advantage because ofits antifungal activity because patients with malignancies, especially those treated with chemotherapeutic agents, are at increased risk for fungal infections.
